Abstract: Both structured and unstructured factors affect concrete compressive strength. Structured factors, e.g., raw materials, affect concrete production. Unstructured factors, e.g., local conditions, affect concrete quality during the construction phase. The effects of structured factors on concrete metrics are well understood, while there is limited understanding on the effects of unstructured factors. A full 2 5 factorial design was conducted to quantify the effect of five construction site factors including crew experience, compaction method, mixing time, curing humidity and curing temperature. A linear regression model was developed considering significant affecting factors. Model adequacy was evaluated through residual plots. The results indicate that compaction method, mixing time, curing humidity and curing temperature affect concrete compressive strength significantly, with curing temperature having the highest percent contribution (50.0%). The final regression model was used to create a decision-support tool that enables construction workers to find operating conditions and take corrective actions to preserve concrete quality.
Introduction
Factors affecting concrete strength can be classified into structured and unstructured factors (Yuan et al., 2014) . Structured factors, such as raw materials quantities, qualities, and mixture characteristics, are related to the production process of concrete. Several correlations have been identified in the literature for quantifying the effect of such factors including, for example, Abrams' law, which looks at the relationship between water-cement ratio and compressive strength. Unstructured factors (i.e., construction site factors) are the factors associated with the construction process, including weather conditions on the construction site or worker expertise; there is limited understanding of their consequences on concrete quality.
Several studies have used design of experiments (DOE) techniques to find and identify factors affecting concrete strength. DOE involves not only planning and experimental testing, but also estimating models that predict new observations for new inputs (Allen, 2005) . Yeh (2006) studied the effect of fly ash replacements and different water-cement ratios on early concrete compressive strength and low and high compressive strength. Long et al. (2012) observed the impact of material properties and mixture parameters on self-consolidating concrete. Rahim et al. (2013) attempted to quantify the effect of fire-type temperatures on concrete compressive strength. Hassan and Abouhussien (2014) utilised DOE for concrete mixture optimisations for high-strength self-consolidating concrete by changing binder, water and admixture content. In a recent study, Khan et al. (2017) investigated the effect of water-cement ratio, cement content, aggregate percentage and admixtures on high-strength self-compacting concrete. DOE has also been utilised in asphalt pavement design. Anting et al. (2015) studied the effect of using wasted tile aggregates for reducing pavement surface temperature. All the aforementioned research argues that DOE leads to the development of prediction models that provide reliable information on the effect of considered factors on concrete compressive strength.
In this study, five construction site factors (i.e., unstructured factors), including mixing time, compaction method, crew experience, curing humidity and curing temperature, were selected from the literature (Kosmatka et al., 2002; Mehta and Monteiro, 2006; Neville and Brooks, 2010; Li, 2011; Hassoun and Al-Manaseer, 2012; Wight et al., 2012; Chen et al., 2014; Unanwa and Mahan, 2014) to evaluate their effect on concrete compressive strength as a quality metric. DOE was utilised to conduct the experimental runs, for both evaluating the significance and quantifying the effect of these factors on concrete strength. DOE has several advantages over other methods of experimentation. DOE allows estimating interactions between two variables (Montgomery and Runger, 2003; Piratelli-Filho and Shimabukuro, 2008) . It provides protection against bias or nuisance factors through randomisation (Cox and Reid, 2000; Gunst and Mason, 2009; Montgomery, 2013) , meaning that the order of the runs matters when undertaking the experiment. Orthogonal coding ( ± 1 coding) is applied to represent extreme low and high levels of unstructured factors, to observe and quantify the relative size of factor effects as well as for easy interpretation of results (Allen, 2005; Montgomery, 2013) . The use of uncoded units (e.g., engineering units) in a factorial design is not recommended because it may lead to erroneous conclusions due to different factor units (Montgomery, 2013) . The use of two-level factorial design within DOE is suitable when the study involves several factors or conditions acting at low and high levels of intensity (Montgomery, 2013) . A full factorial design is expressed as 2 k factorial design, where 'k' is the number of factors and '2' is the number of levels (e.g., low and high) of each factor. The statistical tool employed to identify significant variables as well as their effects on the system is the analysis of variance (ANOVA).
The main purpose of this study is to quantify the effect of construction site factors, including mixing time, compaction method, crew experience, curing humidity and curing temperature, on concrete compressive strength as a quality metric, by performing a full factorial design. The research objectives are to: 1 identify statistically significant unstructured factors affecting concrete strength 2 develop a regression model for predicting the magnitude of their impact on concrete compressive strength 3 find operating conditions that preserve or improve concrete compressive strength during the construction process.
Methodology

Factorial design and laboratory setup
Crew experience, compaction method, mixing time, curing humidity and curing temperature were the variables studied to quantify their effect on concrete compressive strength. These factors were used as independent variables to measure the concrete compressive strength response.
1 Crew experience: this was considered as a categorical variable having two levels: -1 for 'not experienced' crews and 1 for 'experienced crews'. Construction labourers with at least five years of experience in fabricating concrete by hand were recruited as 'experienced crews' for fabricating the concrete samples while workers with no experience at all in concrete fabrication, including students, were categorised as 'not experienced' crews.
2 Compaction method: typical methods for on-site concrete compaction include hand rodding by a tamping rod and mechanical methods, such as internal and external vibration (Kosmatka et al., 2002; Neville and Brooks, 2010; Li, 2011) . This study used a tamping rod (-1) and internal vibration (1) as the compaction method choices.
3 Mixing time: this refers to the time spent in mixing all concrete constituents by hand and comprises the time from adding mixing water to material constituents until fresh concrete is ready to be poured into forms. A survey instrument was utilised to estimate low and high mixing-time levels for 0.15 m 3 of concrete. The survey sample size consisted of 173 civil engineers and architects (drawn from professional Ecuadorian organisations and academia) with at least one year of experience with concrete, to ensure a confidence level of 95% and a confidence interval of as low as 8%. Responses were collected between June and July of 2016. Figure 1 illustrates the boxplot and mixing time statistics for concrete fabricated by hand, where asterisks (*) represent outliers. In this study, mean mixing time values of 11.3 and 20.4 minutes were considered as low and high factor levels respectively. non-saturated environments (Kwon et al., 2014) . Dry environments are considered to have a low relative humidity of less than 50% (Newman and Choo, 2003) while wet environments have a 100% relative humidity (ASTM International, 2015b) . Relative humidity ranges from 20% to 100% were investigated.
5 Curing temperature: this refers to the ambient temperature at the jobsite until concrete reaches its designed compressive strength. The aforementioned survey instrument was also utilised to estimate low and high curing-temperature levels. From the survey results (Figure 2) , mean values of 7.9ºC and 28.5ºC were selected as the low and high levels for curing temperature. Laboratory setup is crucial for ensuring proper site conditions and subsequent accurate determination of factor influences or significant factor effects. The experiment was conducted in the Laboratory for Testing and Construction Materials (LTCM) of the School of Civil Engineering in the Central University of Ecuador. LTCM is furnished with all the necessary equipment to perform concrete sample fabrication and compressive strength testing. Table 1 summarises the experimental independent variables and their corresponding ranges that were used to conduct a full 2 5 factorial design. The statistical software Minitab 16 was utilised for designing the experiment and the factorial analysis. 
Sample fabrication
Six cylindrical concrete samples were fabricated under the selected variable conditions for each of 32 runs to complete a full 2 5 factorial design, for a total of 192 samples. Setup conditions were controlled from sample fabrication to testing. In addition to the 192 samples, six additional concrete samples were made under standard conditions following ASTM C192 (ASTM International, 2015a), to have a baseline compressive strength for computing strength effects. Table 2 summarises the physical characteristics of concrete constituents. The following material proportions by weight ensured having a concrete compressive strength of 28 MPa (4,000 psi) on day 28: water-cement ratio = 0.5; cement = 1; fine aggregate = 1.5; coarse aggregate = 2.3. Mixture proportions and a slump of 10 cm (4 inches) (ASTM International, 2015b) were kept constant for all experimental runs. 
Concrete compressive testing
All concrete samples were tested on day 28, since at this age the compressive strength is expected to be an index of concrete strength (Mehta and Monteiro, 2006) . The tests followed ASTM C39 (ASTM International, 2016a), which consists of applying an axial compression force to a concrete cylinder until failure. Even though the American Concrete Institute (ACI, 2014) points out that satisfactory concrete compressive strength is calculated by averaging the strength of three cylindrical specimens on day 28, six samples were fabricated and tested for each run, to minimise errors. Concrete compressive strength was measured for each experimental run; however, strength effect expressed as a percentage was used as the response for the experiment to see positive or negative effects caused by the selected variable conditions with respect to the baseline strength. This percentage was calculated by comparing the compressive strength average of each run to the baseline compressive strength, which was the average of the compressive strengths of six standard samples and was equivalent to 28.1 MPa. Then this ratio was subtracted from 1 and multiplied by 100. As previously mentioned, the standard samples were fabricated according to standard ASTM C192 (ASTM International, 2015a). Table 3 summarises all experimental runs, their corresponding strength average and strength effects. Positive strength effects indicate that there is an increment in concrete compressive strength when comparing run results against standard samples. Conversely, negative strength effects indicate that there is a decrease in concrete strength. 
Factorial design analysis 2.4.1 Quantifying the effects of unstructured factors on concrete strength
The effect of each factor is defined as the variation in the response due to the change in the factor levels. To compute a factor effect it is necessary to first obtain the contrast of that effect according to equation (1), where the sign is negative unless the factor is not considered. Factor effects can be positive or negative and they provide a general idea of the effect of main factors and their interactions. The values of a, b, …, e represent the treatment combinations (i.e., factor combinations) where the corresponding factors are at high levels. In other words, a, b, …, e are treatment combinations where the factors crew experience (A), compaction method (B), mixing time (C), curing humidity (D) and curing temperature (E) are acting at high levels and the others at low levels respectively.
After a contrast is determined, a factor effect and its corresponding sum of squares are computed by using equation (2) and equation (3), respectively, where n is the number of replicates of each run (n = 1 in this case, since the experiment was not replicated, i.e., there was only one run for each factor combination).
( )
Regression model
A regression model is estimated by considering all main factors and their corresponding interactions (i.e., main factors A, B, C, D and E and their interactions: AB, AC, BC, ABC, AD, BD, ABD, CD, ACD, BCD, ABCD, AE, BE, ABE, CE, ACE, BCE, ABCE, DE, ADE, BDE, ABDE, CDE, ACDE, BCDE, ABCDE). For a 2 5 factorial design, the regression model is expressed by equation (4), where y is the predicted response (i.e., concrete strength effect), β 0 is the average of all observations, β's are the regression coefficients which are equal to one half of the corresponding factor effects, and x's are the coded variables (low level: -1; high level: 1) that represent each affecting factor: crew experience (A), compaction method (B), mixing time (C), curing humidity (D) and curing temperature (E).
Using the calculated strength effect (Table 3) as the response of the experiment, a complete full 2 5 factorial design analysis was performed to investigate the significant construction site factors (i.e., unstructured factors) that affect concrete compressive strength. Table 4 gives a summary of all factor effect estimates and regression coefficients. The percent contribution column provides an indication of the percentage of participation of each model term and it is calculated in relation to the total sum of squares, showing the importance of each term in the model. The results pointed out that four of the main affecting factors -compaction method (B), mixing time (C), curing humidity (D), curing temperature (E) -and the term indicating interaction between curing humidity (D) and curing temperature (E) have a percentage of participation greater than 1%, implying that such terms are very important in the estimated model since they could become significant terms. 
Statistical testing for the significance of affecting factors
An ANOVA is done to perform a statistical testing for the significance of unstructured factor effects and their interactions. ANOVA is computed for the factorial design to estimate the variance within and between treatments. F statistics are computed for each source of variation (e.g., main factors and factor combinations) by dividing the mean square error by the residual mean square error and are used for testing the following hypothesis:
Only significant factors with p-values that are less than or equal to 0.05 are utilised for refining the full regression model estimated. Table 5 presents the results for the ANOVA, where the main effects -compaction method (B), mixing time (C), curing humidity (D) and curing temperature (E) -and the interaction between curing humidity (D) and curing temperature (E) were found to be significant. 
Final regression model
The final model contains only the significant affecting factors identified by ANOVA. Montgomery (2013) pointed out that when at least two factors are quantitative; it is feasible to analyse the results by creating a response surface or contour lines. Table 6 summarises the final model coefficients including only significant terms for coded and uncoded units, while equation (5) 
Analysis of residuals
Residuals were obtained by computing the difference between experimental and predicted responses and they were used for checking model adequacy. Montgomery (2013) argued that residuals should not follow obvious patterns (i.e., they should be structureless) when the model is adequate, and suggested that many assumption violations can be detected by plotting graphs of the residuals. The presence of obvious residual patterns would reveal any assumption violations. A normal probability plot for the residuals was utilised to check the normality assumption. Figure 3 does not reveal a violation for the normality assumption since all residuals are close to the line of the normal distribution, centred at zero. Montgomery (2013) claimed that ANOVA is robust to the normality assumption and moderate deviations from normality do not necessarily imply a serious violation of the assumption. However, to complement the graphical method just considered, two normality tests; namely, Ryan-Joiner (similar to Shapiro-Wilk test) and Kolmogorov-Smirnov were performed for assessing residual normality. The results give test statistics of 0.970 and 0.134 with associated p-values of 0.09 and 0.15 respectively, meaning that the null hypothesis of the residuals following a normal distribution cannot be rejected at the 0.05 or 0.01 significance levels since both p-values are greater than these levels. A graph of residuals versus run order or time can detect if there is a violation of the independence assumption between runs, which is produced when there is a tendency to have runs of positive and negative residuals. Appropriate randomisation of the experiment ensures independence. The plots of residuals versus observation order ( Figure 4 ) and residuals versus fitted values ( Figure 5 ) do not indicate any violation of the independence assumption and equality of variances since the residuals do not follow obvious patterns. Plots of the residuals versus the predicted yields for each significant affecting factor are shown to find if there is any violation of inequality of variance ( Figure 6 ). Resulting plots indicate no violation of this assumption, even though some graphs show a very slight inequality of variance. To confirm this assumption, Bartlett's test for constant variance was carried out. The resulting test statistic was equal to 13.72 with a p-value of 0.547, indicating that the variances are equal because of failing to reject the null hypothesis of constant variance. Thus, the analysis of residuals does not indicate any problem with assumptions or model adequacy, validating the conclusions. CuringTemperature(E)
Residuals
Model validation
A plot depicting predicted versus experimental data was developed to evaluate how well the final model predicts concrete strength effect (Figure 7) . The result of R-squared is 91.2%, which indicates that more than 90% of the response variable variation is explained by the model. The standard error (S) represents the standard distance between the experimental and the predicted data. The smaller the S value, the better the model performs. 
Operating conditions to preserve concrete quality
The final regression model for estimating concrete compressive strength effect [equation (6)] can be used as a decision-support tool for construction workers that enable them to find operating conditions to preserve concrete quality through the use of contour lines. Contour plots of strength effect (%) that consider curing temperature and mixing time as variables (Figure 8 ) point out that high curing temperatures are needed to preserve concrete strength when curing concrete in a dry environment. Keeping concrete saturated with water (100% relative humidity) when curing avoids losing compressive strength; in fact, it increases strength by around 25%. Curing temperature does not have the same impact when curing humidity changes, due to their corresponding interaction effect. Also, the impact of the method of compaction (i.e., -1 for manual or 1 for vibrated) and mixing time on strength is not as severe as curing temperature. The contour lines in Figure 8 have negative slopes, indicating the more the mixing time, the less the curing temperature needed to maintain a desired strength effect. Also, contour plots of strength effect (%) that consider curing humidity and mixing time as variables (Figure 9 ) illustrate that high values of curing humidity and mixing times reduce the impact of affecting factors at low curing temperatures, even though they cannot mitigate strength reduction completely. A contour line of zero strength effect does not appear in the contour plots. At high curing temperatures, low curing humidity (20%) could be accepted to preserve compressive strength (i.e., zero contour line). In contrast, significant positive strength effect (20-25%) can be gained by curing concrete at high temperatures and humidity (100% relative humidity). In the same manner as stated before, the impact of curing humidity varies greatly when curing temperature changes because of two-way factor interaction. The impact of the method of compaction (i.e., -1 for manual or 1 for vibrated) and mixing time on strength is not as severe as curing temperature. Also, high mixing times promote concrete compressive strength.
Moreover, contour plots of strength effect (%) that consider curing humidity and curing temperature as variables (Figure 10 ) reveal that high values of curing humidity and curing temperature cause a positive effect on concrete compressive strength, causing an increment of more than 20% in compressive strength regardless of crew experience and mixing time. To maintain compressive strength, curing temperature should increase while curing humidity decreases and vice versa. In addition, vibrating the concrete seems to decrease concrete compressive strength rather than increasing it. This could be due to possible concrete segregation during sample fabrication in all cases. In contrast, consolidating the concrete by utilising a tamping rod (i.e., -1 for manual compaction) yields better compressive strengths.
Conclusions
This research presents a comprehensive systematic framework to identify significant construction site factors (i.e., unstructured factors) that affect concrete compressive strength, including crew experience, compaction method, mixing time, curing humidity and curing temperature, by conducting a full 2 5 factorial design. The experimental design assisted in the concrete sample fabrication process while the factorial design analysis quantified main factor effects with corresponding interactions. It also exposed statistically significant affecting factors for developing a prediction model for new observations, with the final regression model consisting of a supporting tool for decision making. Compaction method, mixing time, curing humidity and curing temperature are construction site factors that affect concrete compressive strength significantly. These factors were identified by performing an ANOVA at 0.05 level of significance with a 95% confidence level. The percentage of participation of each model term (Table 4) indicates that curing temperature has the highest percent contribution on concrete compressive strength, with 50.0% of the total effect caused by main factor effects and their corresponding interactions. Curing humidity accounts for 32.0% of the total effect, the second highest percent contribution, while mixing time and compaction method together only have a contribution of 3.1% to the model. Also, only one two-factor interaction -curing humidity and curing temperature -has important participation in the model. It accounts for 6.0% of the total percent contribution, implying that curing humidity does not produce the same effect when curing temperature changes and vice versa. One factor effect depends on the other. The final regression model [equation (6)], containing only significant affecting factors for predicting the impact of construction site factors (i.e., unstructured factors) on concrete compressive strength, became a decision-support tool that not only enables construction workers to find operating conditions but also to explore other factors tending to preserve concrete quality while building a facility. A high value of the coefficient of determination (R squared) of 91.2% indicates that the model can predict new observations well. Figure 8 , Figure 9 and Figure 10 , for instance, depict different contour plots to identify desirable values or operating conditions that allow construction workers such as supervisors or construction managers to be aware of possible concrete compressive strength impacts under certain conditions. Such impacts can be either positive or negative. Positive contour lines represent desired conditions since they represent operating conditions where concrete undergoes an increment in its compressive strength. Contour lines with a zero value indicate that concrete compressive strength is not being affected by existing onsite conditions and could be considered the desired jobsite condition. On the other hand, negative contour lines are meant to be warning zones, indicating the present combination of factors is reducing compressive strength. Knowing the effect of construction site factors on concrete compressive strength in advance will help workers comply with the concrete specification stated in the construction documents by taking corrective measures. 
Recommendations
The impact of unstructured factors should be considered in concrete operations, even though some significant affecting factors can be controlled while others cannot. Compaction method and mixing time can be chosen by technicians in charge of preparing concrete. Compacting concrete by using a vibrator or a tamping rod is up to a supervisor, while setting the curing humidity and temperature of a concrete element of a structure is not possible to control most of the time, due to project location or curing limitations. The experimental results indicate that curing concrete in an environment with high surrounding humidity and temperature is ideal to stimulate concrete compressive strength; however, such conditions are difficult to simulate and control during the construction process. Thus, appropriate concrete fabrication conditions in situ should be taken into consideration to ensure that the concrete complies with material specifications contained in any project construction documents. Furthermore, appropriate resources should be utilised when fabricating concrete. Construction workers having appropriate skills must be hired to ensure the success of a project (Sears et al., 2015) . During the construction process, there could be concrete elements for which it would be difficult to perform concrete compaction well or where compaction is not adequate. Some structural elements can be compacted by using a concrete vibrator while others can only be compacted manually by using tamping rods, depending on concrete consistency (i.e., slump) and placing conditions such as rebar spacing and geometry of formwork (Kosmatka et al., 2002; Mehta and Monteiro, 2006; Li, 2011) . Despite the method of concrete compaction selected, the formation of internal voids should be avoided. Hassoun and Al-Manaseer (2012) emphasised that correct concrete compaction guarantees a positive effect on concrete compressive strength. Mixing time should be enough to obtain homogeneous concrete mixtures. Standard common practices for mixing times vary, but the time applied to mix concrete should guarantee a uniform mixture with a reduction of voids. Thorough mixing ensures concrete quality (ACI, 2000) . Mixing time of around 15 minutes, which corresponds to the average of minimum and maximum mixing times, is recommended for manual concrete fabrication. Curing conditions cannot be controlled easily at a jobsite since they include the local relative humidity and temperature. Figure 11 illustrates an overlay contour plot of compressive strength effect that considers curing temperature and curing humidity while utilising experienced crews, concrete vibrators and 15 minutes of mixing time. The white region on the plot represents the feasible region where concrete compressive strength is affected slightly (± 5%). Other overlay plots could also be constructed by specifying different parameters of affecting factors. Decreasing curing temperature and curing humidity would decrease concrete compressive strength effect. To preserve compressive strength (i.e., strength effect equals 0%), concrete construction personnel should pay special attention to weather or ambient conditions.
Future research
DOE is a suitable tool for developing prediction models for quantifying the effect of construction site factors on concrete compressive strength; however, other affecting settings, experimental conditions or different types of structural elements where concrete will be poured should be explored to verify the results. Considering centre points, carrying on checking or confirmation experiments, amplifying the ranges of each variable or replicating each experimental run are possible options for future studies. In addition, there are other techniques, including artificial neural networks (ANN) or fuzzy set theory, that are available to develop prediction models based on experimental data (i.e., input-output data). Previous prediction models could be investigated and compared to regression models obtained by factorial analysis.
